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Abstract
Multiscale X-ray Approaches Towards the Structure and Function of Pyrolysis and

Hydrothermal Carbons

A paradigm shift is required to reduce current dependence on finite fossil resources and to

remain within planetary boundaries. In response, a 21st century bioeconomy, where materials,

chemicals and fuels are produced sustainably from biomass, is being developed. Pyrolysis and

Hydrothermal Carbonisation (HTC) represent two biorefinery approaches to produce high-

value carbon devices from biomass. To realise their potential, a mechanistic understanding

of these carbonisation processes is required. This thesis utilises synchrotron X-ray science to

study the structure and function of pyrolysis and hydrothermal carbon.

Scanning transmission X-ray and electron microscopy provide experimental evidence for a

core-shell structure of carbohydrate-derived hydrothermal carbon. Mechanistic pathways dif-

fer between the core and shell of hydrothermal spherical carbons. Near-edge X-ray absorption

spectra (NEXAFS) show that, at the water-carbon interface, carboxylic species drive growth.

In the core, condensation dominates, removing linking units between polyfuranic domains.

X-ray Raman scattering spectroscopy (XRSS) is presented as a novel tool to study the C K-edge

of sustainable carbons in bulk and in-situ. Experiment and density functional theory demon-

strate that biomass-derived hydrothermal carbon is composed of a furanic local structural mo-

tif linked at the �-carbon. Two pyrolysis carbons produced at 450 °C and 650 °C are used to

demonstrate XRSS as a route to a semi-quantitative measurement of aromatic condensation

and highlight the advantages of XRSS over NEXAFS for these materials.

Pyrolysis carbon is widely used a sorbent for aqueous inorganic species. A multi-scale X-ray

and electron spectromicroscopy approach provides mechanistic insight into the adsorption of

AuIII
(aq) onto pyrolysis carbon. Pyrolysis carbon shows a large capacity for reducing AuIII

(aq) to

nanoparticulate and micrometre-sized Au0 clusters. Electron energy loss spectroscopy high-

lights mixed valence FeII:III oxides as an active site for AuIII
(aq) reduction. X-ray extended fine

structure modelling shows that the maximum average Au0 size forms between 13 - 26 mg g�1

gold:char ratio, above this, ultrafine Au0 dominates.
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Chapter 1

Introduction

The concentration of CO2 in the Earth's atmosphere has increased rapidly since the beginning

of the 20th century, to surpassing 415 ppm in December 2020 from a pre-industrial average of

275 ppm [1, 2]. Global emissions of CO2 and other greenhouse gases (GHGs) are responsible

for the continuing rise of global temperatures, resulting in a likely increase of 2:0°C to 4:89°C

over the next 80 years [3]. The long-term impacts of global warming are dif�cult to predict,

however some effects are now starkly apparent (i.e. sea-level rise, extreme weather) [4]. As

acknowledged by the 2015 Paris agreement, these climatic changes are directly linked to the

release of GHGs through human activities (e.g. fossil fuel combustion) [5]. However, GHG

emissions are merely one symptom of humanity existing beyond Earth's planetary boundaries.

Human development to date has been guided by a �awed model of economic growth at any

cost. This growth model exploits Earth's soil, water and fossil resources for pro�t.

Prior to the 20th century, most materials such as solvents, fuels and �bres were derived from

non-edible biomass. However, the emergence of cheap oil has led to many products being

produced almost solely from fossil resources. Currently, almost all this "stuff" inevitably and

invisibly transforms into "waste", damaging the environment and releasing GHGs. In order to

remain within Earth's planetary boundaries, we must transition to a circular economy whereby

"waste" is captured as a valued resource. This biore�nery model requires thermochemical

processes, able to produce useful materials and re-capture resources safely and sustainably.

To achieve this goal, a mechanistic understanding of the chemistry underpinning potential

processes must be achieved. This thesis attempts to understand the structure and function of

carbon materials produced from waste biomass by applying multiscale X-ray techniques.

1
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1.1 Planetary Boundaries

For the past 10,000 years, planet Earth has existed in a period of relative climate stability known

as the holocene epoch. Prior to this period, ice-core measurements have shown that the climate

had been in an extended period of �ux, unsuitable for human civilisation to thrive [6, 7]. The

holocene epoch has offered a planet with stable temperatures, widely available freshwater and

stable biogeochemical processes, providing a safe-space for humanity to thrive and innovate.

Since the early 20th century, changes in the state of the Earth system have been shown to be oc-

curring rapidly. Biogeochemical and carbon �ows have been interrupted by climate extremes

and intensive farming [8, 9], human pollution has resulted in toxi�cation of landscapes [10, 11]

and climate change is being driven by anthropogenic emissions [12]. Such rapid changes to

the delicate Earth system balance have been shown to be directly related to human activities

[4]. A new era of human induced instability has dawned: the anthropocene [13].

It is considered likely that the rapid anthropic changes to the Earth system state could trigger

climate destabilisation or other non-linear changes to our environment. Rockström et.al.have

proposed a series of planetary boundaries, which represent nine key Earth systems that if sig-

ni�cantly modi�ed, could result in non-linear, rapid changes to the environment [14, 15]. These

are: (i) climate change, (ii) ocean acidi�cation, (iii) chemical pollution, (iv) biochemical �ows

(e.g. N,P cycle), (v) freshwater availability, (vi) land-use change, (vii) biosphere integrity (e.g.

biodiversity loss), (viii) air pollution and (ix) ozone depletion. The planetary boundaries are

not necessarily of equal importance, with climate change and biosphere integrity recognised as

of core importance. These boundaries provide humanity with guidelines for monitoring Earth-

system changes and planning sustainable growth. However, whilst the planetary boundaries

protect the Earth system as a whole, they do not consider the impact that changes in human

emissions might have on social cohesion. For example, to protect the Earth system it might be

recommended to cease the use of Haber-Bosch derived fertilisers to reduce nitrogen and phos-

phorous loading in the environment [16]. However, this would have a direct impact on feeding

growing populations around the world by reducing crop yields, resulting in starvation, mass

migration and other human catastrophes. In order to guide sustainable development for both

planetary and human well-being, the economist Raworthproposed the Doughnut model in her

book Doughnut Economics[17].
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The Doughnut (Figure 1.1) nicely represents the balance between the nine planetary bound-

aries and the standards of human well-being established in 2015 by the UN sustainable devel-

opment goals [18]. The nine planetary boundaries are shown around the circumference. The

radar plot values in red show the extent that we are overshooting our planetary boundaries, or

falling short of our social foundations. The principle of the doughnut is for humanity to exist

and thrive within the safe space (light green) between the planetary boundaries and our social

foundations (e.g. water, food, healthcare, literacy, and energy availability). In our societies, if

we overshootour planetary boundaries we place a pressure on the environment which could

drive irreversible change. Likewise, a shortfallin our social foundation results in a suppression

of human potential.

FIGURE 1.1: The Doughnut. Dark green circles show the social foundation,
which no one should fall below and the ecological ceiling of the planetary bound-
ary. Between the two lies a safe and just space for humanity. Red wedges show
shortfalls in the social foundation or overshoot of the ecological ceiling. Figure

reproduced from Ref. [17] under the CC BY 4.0 license.
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The Doughnut acts as a simple and concise compass for assessing the current state of human

and planetary well-being. It has been implemented for this purpose within academia, policy-

making, progressive business, urban planning and civil society [17]. However, whilst The

Doughnut might act a useful tool for guiding social and environmental change, it does not

provide any pathway for sustainable development. Instead, governments are intentionally

left to design and enact policy to meet legal obligations, such as those signed up to by UN

member states (e.g. 2015 Sustainable Development Goals, 2015 Paris Agreement) [19].

Given that planetary boundaries only guide our choices, rather than de�ne them, we must con-

sider policy options which yield the greatest impact in guiding us to an ecological safe space. It

is clear that unilateral change is required in multiple sectors, from transport to construction to

monetary policy. However, this thesis forms part of research aiming to tackle climate change,

which is thought to represent the current largest risk for irreversible planetary change [15, 20].

The currently proposed climate boundary is based on the principle of meeting the target of

not exceeding 2°C of anthropogenic warming since the baseline year of 1990 [5, 12]. It is clear

that this will require deep cuts to current GHG emissions, including a reduction of 25% in CO 2

emissions by 2030, with net zero emissions around 2070. To achieve these large reductions in

GHG emissions, the use of fossil resources will need to be signi�cantly curtailed. The manufac-

ture of petrochemicals and their derivatives absorbs an increasing proportion of the world's oil

and gas – approximately 14% for oil and 8% for gas [21]. If unrestricted, GHG emissions from

the petrochemicals sector are expected to increase by 30% by the year 2050; increased emis-

sions would be concomitant with increased land use change, fresh water usage and particulate

pollution [21]. To limit this, chemistry must transition from the use of fossil resources wher-

ever possible and create new processes and technologies for producing sustainable, ef�cient

and performant materials.

1.2 The 21st Century Bioeconomy

Petrochemicals are set to become the largest driver of global oil consumption in the future

[21, 22]. Transitioning from fossil to renewable carbon resources for the production of mate-

rials, chemicals and fuels can therefore result in signi�cant GHG reductions. Waste biomass

represents the most globally available and regenerative resource of renewable carbon [23].
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This makes the utilisation of waste biomass an attractive alternative to fossil resources, pro-

viding future renewable bioenergy and bio-based chemicals with much lower GHG emissions

[24, 25]. A key bene�t of this approach is that waste biomass (e.g. agricultural residue, non-

avoidable food waste) is recovered as a resource. This principle is called a circular economy.

In comparison to a linear economy, where resources are produced into useful materials then

disposed of as waste, a circular economy recovers these resources and re-uses or recycles them

(Figure 1.2) [26]. In the proposed circular bio-economy, resources are derived from biomass

wherever possible. The utilised biomass resource should neither compete with human food

resources nor result in land-use change. Typically biomass feedstocks are wastes, such as agri-

cultural residues (e.g. corn stover, rice husks), trimmings (e.g. forestry management cuttings),

grasses and other non-food crops, waste natural �bres and food wastes. In particular food

waste is a rich resource for biore�nery in most advanced economies [27]. In the UK, food

waste from households and businesses is around 9:5 Mt yr � 1, of which 70% is edible and only

30% is inedible. In 2019, this resulted in 25 MtCO2e of associated emissions of a UK total of

460 MtCO2e [28–30]. Such waste materials represent a treasure trove of untapped chemical

potential for re�nement and offers a sustainable path to replacing fossil resources.

FIGURE 1.2: A model of a circular economy.
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An increasing amount of new research is focused on the application of different technolo-

gies (including fermentation, hydrothermal conversion, pyrolysis and microwave treatment)

to make chemicals from bio-waste and thus improve resource utilisation. When implemented

together, the processes used to extract useful bio-chemicals, bio-fuels and bio-materials from

waste biomass form a Biore�nery [25, 31]. A biore�nery, in many ways, mirrors a typical

petrore�nery. Waste biomass is separated into building blocks (e.g. carbohydrates, proteins,

waxes) which may be converted to value-added products, biofuels and chemicals. The produc-

tion of chemicals and materials from biomass was common at the beginning of the 20th century

before cheaper petroleum derivatives were available. Many fuels, dyes, solvents and synthetic

�bres were directly produced from lignocellulosic biomass. However their synthesis, whilst

sustained from biomass, was often unsafe and damaging to the environment. In contrast,

modern biore�neries are designed around the principles of the circular economy and Green

Chemistry[32]. Green chemistry offers a protocol when developing biore�nery processes and

may play an important role in facilitating production of commodity chemicals from biomass

[24, 33]. Throughout the whole product life cycle, energy demands should be minimised, safer

processes used and hazardous chemical use and production avoided [34]. Biore�nery prod-

ucts should be designed with their end-of-life in mind, with simple approaches for resource

recovery wherever possible. The �nal product should be non-toxic, degradable into innocuous

chemicals and with minimum production of waste [32].

Biore�nery processes can be divided into four main groups: mechanical, biochemical, chemi-

cal and thermochemical processes [31]. Mechanical treatment is often applied �rst, changing

the size, shape and density of the starting feedstock so that the following processes in the

biore�nery can work more effectively. Biochemical treatments include enzymatic approaches,

fermentation and anaerobic digestion, the latter of which is currently the most widely imple-

mented [35]. These processes typically breakdown sugars to produce alcohols and organic

acids. Enzymatic approaches may be used to produce useful sugars from municipal solid

waste, whilst anaerobic digestion can be used to produce biogas for combustion. Chemical

processes result in a change in the chemical structure of an existing molecule by reacting with

other substances. The most common chemical processes in biomass conversion are hydrolysis

and transesteri�cation, both of which are used to produce biofuel [36]. However other chem-

ical treatments such as Fisher-Tropsch synthesis and steam reforming are also valuable tools
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to produce high-value chemicals and fuels [37]. Finally, thermochemical treatments include

gasi�cation, torrefaction, pyrolysis and hydrothermal treatments. These thermochemical pro-

cesses can be used to produce syngas (CO, H2, CH4), bio-oils and carbons. Syngas can be used

as a fuel, or upgraded for use in other process. Bio-oils can be re�ned to produce aromatic

platform chemicals, including so-called BTX (benzene, toluene, xylene) chemicals, which are

valuable and challenging to produce from non-fossil resources. Last, but not least, are the car-

bons produced from these processes, which represent an exciting route from waste biomass to

sustainable carbon devices.

Carbons have been produced thermochemically from biomass for millennia. Charcoal, the

product of incomplete combustion of biomass, has been utilised since pre-history as fuel,

pigments and sorbents [38]. The microscopic structure of charcoal, derived from the initial

biomass, was found to be an effective tool for purifying chemicals and removing pollutants.

Johann Tobias Lowitz was one of the earliest to study the adsorptive properties of charcoal for

the puri�cation of beers, waxes and vinegar in the early 18th century [39]. An understanding

of the local structure and chemistry of carbons was developed in the early 20th century. Acti-

vated carbon sorbents were produced from biomass, as well as coal, by applying an activation

stage to increase the surface area of the �nal product [38, 40]. This allowed for highly effective

sorbents, as well as carbon electrodes, pigments and catalyst supports. More recently, new

allotropes of carbon, other than amorphous carbon, graphite or diamond, have been discov-

ered with well-de�ned nanostructures such as graphene, fullerenes, carbon nanotubes (CNTs)

and carbon foams. Development of these carbon materials for speci�c applications has been

advancing rapidly. Energy storage devices (e.g. supercapacitors), embedded catalyst sup-

ports and electronics applications have all been investigated [41, 42]. The science of carbon

has rapidly evolved from an understanding of two-dimensional structures, to a full range of

dimensionality. In this way, carbon science is advancing into the realms of multi-scale control.

This control allows for the construction of well-ordered three-dimensional bulk materials from

lower-dimensional carbon building blocks. However, these advanced carbon materials gener-

ally come at a cost; requiring non-sustainable platform materials, producing poor yields and

utilising high energy input techniques (e.g. chemical-vapour deposition, arc deposition) [43].

The race is now on to produce high-value carbon materials ef�ciently from waste biomass [44].
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1.3 Sustainable Carbon Materials

The current challenge is to integrate advances in our understanding of carbon nanostructure

and function with the principles of the biore�nery and green chemistry. The goal is to produce

carbon materials using waste biomass, with very little environmental impact, yet to retain their

functionality and ef�cacy. Figure 1.3 summarises the seven key principles of sustainable car-

bon production considered in this project, which are based on the principles of green chemistry

[32, 44]. These principles may be summarised as the utilisation of natural, abundant and more

sustainable precursors, coupled with atom-ef�cient, lower-energy synthetic processes to pro-

duce effective, well-characterised carbon materials designed with their global implementation

and end-of-life in mind. Carbons that ful�l these criteria are called Sustainable Carbons.

FIGURE 1.3: The key principles of sustainable carbon materials.

Currently there is an explosion in research considering sustainable carbon materials from

biomass [45]. The excitement in this �eld is driven by careful exploitation of structure and

functionality within materials derived from the natural world. Examples of this biomimetic

approach to highly-structured carbon materials derived from natural materials, such as crus-

tacean shells or plant tissues, have been demonstrated [46]. These highly structured carbons al-

low for applications where �uid �ow is critical, such as catalysis, adsorption and electrochem-

istry [41, 47, 48]. Furthermore, carbons with novel functionalities can be produced through
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careful selection of the starting biomass, such as minerals within algae or organic functional-

ities within citrus fruits. This diversity of structure and function from the natural world has

led to many successful sustainable carbon materials already �nding their way into the mar-

ketplace. An example of a market-ready sustainable carbon would be Starbons [49]. Starbons

are a class of ultra-high porosity carbon foams, derived from the pyrolysis of biomass-derived

starch. Through careful choice of the starting biomass materials, it is possible to control the

pore sizes of starbons whilst also introducing speci�c chemical functionalities (e.g. metal ox-

ide nanoparticles). Other examples of successful sustainable carbons include glucose-derived

aerogels and hydrothermally-produced carbon nanodots and supercapacitors. These high-

technology applications of sustainable carbons are becoming increasingly common in the lit-

erature [50]. However, another application of sustainable carbons is in waste-management

and agriculture. Carbonisation of wastes is being closely investigated as a way of produc-

ing non-hazardous carbon materials which can be used as an effective, low-carbon fuel [51].

Furthermore, the pyrolysis of waste biomass, can be used to produce biochar - the term for

pyrolysis carbon applied directly to the soil [52, 53]. Pyrolysis carbons have been shown to

produce signi�cant improvements in terms of soil quality and fertility, whilst also offering a

potential route to negative emissions through their widespread implementation [54, 55].

Other than the starting biomass resource itself, a range of thermochemical techniques are re-

ceiving renewed attention as routes towards sustainable carbons. These techniques have been

utilised as part of the biore�nery for many years. However, the processes governing the pro-

duction of sustainable carbons from biomass require further investigation. It is hoped that

through building an understanding of the mechanisms underpinning the production of sus-

tainable carbons, it might be possible to have increased structural and functional control over

the �nal material, whilst also more ef�ciently using resources and energy. Using this approach,

it might be possible to link the nanostructural control from multidimensional carbon materials

with their sustainable production from biomass. This thesis focuses on the two most common

thermochemical processes for the production of sustainable carbon: pyrolysis and hydrother-

mal carbonisation.
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1.3.1 Pyrolysis

Pyrolysis carbon is the solid product produced by the thermal decomposition of biomass un-

der anoxic or quasi-anoxic conditions - a process called pyrolysis. As well the solid pyroly-

sis carbon, pyrolysis also produces an oily product known as bio-oil and a mixture of gases

(CO, CH4, H2) known as syngas. A signi�cant amount of control over the ratio of the formed

products can be exerted by altering the heating rate and heating temperature during pyrolysis

[56]. In this way pyrolysis is typically classi�ed as either fastor slow. Fast pyrolysis involves

the rapid heating (< 2 s) of biomass at moderate temperatures of around 500°C to produce

high yields of bio-oil of up to 75 wt.% [57]. Bio-oil is a valuable product which may be used

as a fuel, or further upgraded to produce valuable chemicals [58]. Alternatively slow pyroly-

sis, the focus of this project, focuses on the production of pyrolysis carbon and is performed

over extended periods (typically greater than 30 mins) at higher temperatures. During slow

pyrolysis, the ligninocellulosic structure of the starting biomass is altered (Figure 1.4), pro-

ducing materials with large pore volumes, high surface areas and a wide variety of surface

oxygen functionality. As a carbonisation technique, pyrolysis has been extensively applied to

the production of industrial activated carbons.

FIGURE 1.4: X-ray radiographs of oak wood (a) before and (b) after pyrolysis at 650°C. The internal
structure of the biomass is 'opened' producing large pore volumes and high surface areas.

Recently, attention has returned to pyrolysis carbonisation as a route to produce more sustain-

able carbon materials from biomass. The pyrolysis process itself results in the decomposition

of the biomass components into a disordered carbon (see Section 1.4). In the last decade, py-

rolysis carbon has become an internationally relevant topic in soil science, as a way of both
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improving soil fertility, but also locking away carbon in the soil as a form of carbon sequestra-

tion [53, 54, 59]. Whilst this interest in pyrolysis carbons was initially focused on its roles in

soil fertility, research has returned to pyrolysis as a process for producing sustainable carbon

devices (e.g. supercapacitors, catalyst supports) [60, 61].

1.3.2 Hydrothermal Carbonisation

Hydrothermal carbon is the solid carbonaceous product formed during the thermochemical

decomposition of biomass in a hot, autogenically-pressurised, aqueous environment (approx.

200°C, 30 bar). This process is known as hydrothermal carbonisation (HTC) and, since its dis-

covery over 100 years ago, it has re-emerged as a sustainable route to advanced carbonaceous

materials (hydrothermal carbon) and chemicals (e.g. hydroxymethylfurfural) [62]. The de-

velopment of hydrothermal carbonisation came during the early 20th century as Germany, a

country with no crude oil resources, attempted to produce synthetic chemicals and fuels from

coal [63]. Building on the advancements in high-pressure synthesis developed for the Haber-

Bosch process, a range of new techniques for high pressure synthesis of hydrogen and syn-

thetic fuel were introduced. These included hydrothermal liquefaction of coal and the Bergius

process, which was strategically important during the inter-war and second world war era for

the production of synthetic fuels and explosives.

FIGURE 1.5: Semi-automatic, steel autoclave design used to perform coali�cation by Fredereich Bergius.
Reprinted by permission from Springer Nature Ref. [64] (1928).
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During the early stages of the development of high-pressure chemistry in Germany, Bergius

investigated the process of coali�cation, whereby peat (and later cellulose) was transformed

into a material with similar properties to coal (Figure 1.5). Bergius was awarded the 1931

nobel prize for his work in high-pressure chemistry with Carl Bosch. During the inter-war

years, several studies were conducted in order to monitor the formation of 'bio-coal' through

hydrothermal carbonisation, since the structure of coal was not known [64]. However, the

introduction of cheap fossil resources in the years following the second world war combined

with the banning and removal of high-pressure liquefaction technologies by the Russian army,

meant that these sites were converted into petrore�neries and the science became temporarily

irrelevant [63].

During the early 2000s a resurgence in HTC science was driven by the principles of biore-

�nery [43]. Since then, products from both the aqueous process water, which contains some

important monomers, and the amorphous hydrothermal carbon material have maintained a

high-level of research interest. This interest has been maintained, not only because of its cre-

dentials as a sustainable carbon, but because the process has some signi�cant advantages over

pyrolysis [65]. In a typical HTC process, the energy input required to produce HTC is much

lower than pyrolysis, this is because the process is carried out at relatively low temperatures

and under auto-generated pressures. Furthermore, HTC has the key bene�t of being able to

process 'wet' biomass, where the extremely costly pre-processing steps of drying and milling

can be completely avoided. The char material produced is often comprised of spherical mi-

croparticles, which can fuse into a variety of shapes, their porosity can be well controlled us-

ing casting procedures and surface functionality easily controlled [44]. The (re)development

of hydrothermal carbon materials has been rapid with laboratory scale production of carbon

quantum dots, energy storage devices, fabrics and catalysts. Industrial application of HTC has

also occurred in the waste management sector as a way to produce coal-like fuels from waste

materials, as well as a route to make-safe hazardous biological and chemical wastes [66, 67].
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1.4 X-ray Characterisation of the Structure and Function of Carbons

1.4.1 Graphitising and Non-Graphitising Carbon

Pyrolysis and HTC are now well-established thermochemical processes for the production of

sustainable carbon materials. However, the structure and chemistry of the resulting carbons

and the mechanisms producing them are still not fully understood. Pyrolysis carbons, carbon

blacks (the solid carbon material produced from the pyrolysis of hydrocarbons in the gaseous

phase) and coals have been under investigation for centuries [38]. The element carbon exists in

a multiplicity of structural forms, more than any other element, due to its ability to form stable

cyclical structures. These structural forms exhibit a huge range of properties, both physical

and chemical. It is recognised that knowledge of the structure of both pyrolysis carbon and

hydrothermal carbon at the molecular level is essential to the understanding and prediction of

their valuable physical and chemical properties.

FIGURE 1.6: Franklin's representations of (a) graphitising and (b) non-graphitising carbon [68]

The study of the structure of carbon materials has been inextricably linked with X-ray science

since the beginning. The structures of several carbon allotropes, namely graphite, diamond

and lonsdaleite, were among the �rst to be solved using X-ray diffraction. Graphite was solved

in this way by J. D. Bernal in 1924 [69]. The �rst studies of the local structure of pyrolysis carbon

were performed by Rosalind Franklin whose pioneering powder X-ray diffraction (XRD) work

de�ned two carbon types: graphitisingand non-graphitisingcarbon [70, 71]. Franklin concluded

that the structure of pyrolysis carbons depended not only on the process temperature, but
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also on the nature of the starting material. Figure 1.6 shows Franklin's representations of non-

graphitising and graphitising carbon. Graphitising carbons are composed of cross-linked crys-

tallite domains, in which hexagonally-packed carbon atoms (graphene sheets) are aligned into

planes. In non-graphitising carbon, the structural units are oriented randomly and the linking

units are suf�ciently strong to impede movement of the layers into a more parallel arrange-

ment [72]. Franklin's model has since been shown to be incomplete, the supposed cross-linked

graphitic crystallites are not strong-enough to inhibit graphitisation at temperatures > 2000°C

[73]. The atomic structure of chars and their resistance to graphitisation is still not understood

[74]. This resistance to ordering, even at high temperatures, may be explained by the pres-

ence of fullerene-like C60 structures [75, 76]. This model suggests non-graphitising carbons are

composed of curved carbon sheets, in which fullerene-like structures are randomly dispersed

throughout networks of 'traditional' six-membered carbon rings (Figure 1.7) [72, 76]. Evidence

for the fullerene model of pyrolysis carbon is growing, and has been provided by HRTEM and

EELS studies [77, 78]. Despite these advances however, the local structure of non-graphitising

chars remains unsolved.

FIGURE 1.7: Schematic illustration of a model for the structure of non-graphitising carbons based on
fullerene-like elements. Taken from Harris et.al.[75].

Both pyrolysis carbon and hydrothermal carbon have been classi�ed as non-graphitising car-

bon [73, 79]. Neither carbon exhibits any signi�cant degree of graphitic ordering, making the
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understanding of their local structure very challenging. In addition, identi�cation of surface

functionalities becomes very important for their respective applications. Speci�cally, surface

oxygen functionalities are highly relevant for the application of both hydrothermal and pyrol-

ysis carbons in many �elds, such as lithium-ion batteries, supercapacitors, catalyst supports

and �ltration. X-ray photoelectron spectroscopy, Raman spectroscopy and FT-IR in conjunc-

tion with wet chemistry experiments such as Boehm titration, have highlighted the wide range

of surface oxide functionalities and other heteroatom functionalities (e.g. O, N, S) responsible

for the chemical properties of these carbons [80, 81]. However, whilst a reasonable understand-

ing of the chemistry and processes underpinning HTC and pyrolysis are now available, there

is still a signi�cant amount yet to learn. Amorphous carbon materials such as pyrolysis carbon

and hydrothermal carbon, are naturally dif�cult to characterise due to their lack of long-range

ordering. This is compounded by the dif�culty of performing spectroscopy under the high-

temperature or high-pressure conditions under which both HTC and pyrolysis are performed.

A new approach is required to study the local-structure of these complex non-graphitising

sustainable carbons.

1.4.2 A Modern Reductionist Approach

Many of the properties of sustainable carbons, which make them attractive for their traditional

applications, are macroscopic and well-understood [82, 83]. For example, carbons have been

produced from biomass for applications such as �ltration and soil amendment for centuries, if

not millennia. Techniques for processing carbons for these applications have slowly evolved

through trial and error by their practical implementation - the result of practised hands pass-

ing down their knowledge. Examples of this include: isolating certain biomass which produce

very large surface areas for improved adsorption (e.g. coconut husks) and �ne-tuning pyrol-

ysis conditions for producing fuels or pigments [84]. It is true that this 'top-down' approach

to producing carbon materials has been very effective; pyrolysis-derived products are both

widespread and performant. However, the design and implementation of sustainable carbon

materials for new applications relevant for the 21st century must be more agile, less tolerant of

inef�ciencies and must have a �rm understanding of the mechanisms governing useful proper-

ties. In order to achieve this goal, a new reductionist approach is required to seek mechanisms

and pathways which can be exploited.
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This project has taken a reductionist approach to studying sustainable carbon materials. Cen-

tral to this approach are the “four elements” of materials science: processing, structure, physi-

cal properties & function and technological implementation [85]. Here, the structure and func-

tion of both pyrolysis carbon and hydrothermal carbon is studied at the molecular scale. It is

hoped that this will provide insight into the carbon properties and the processes which form

them. To achieve this, this project utilises state-of-the-art synchrotron radiation imaging and

spectroscopy. The modern 3rd generation synchrotron is an electron accelerator, built to pro-

vide ultra-bright (brilliant) X-rays for probing the structure and chemistry of materials. In

particular, this thesis utilises the ability to tune the energy of the extremely brilliant X-rays to

perform spectroscopy, and the high-collimation of the X-rays to perform imaging [86, 87]. To-

gether, the properties of synchrotron radiation allow one to conduct science that is not possible

in the laboratory. This project has applied Scanning Transmission X-ray Microscopy and X-ray

Raman Scattering Spectroscopy to pyrolysis and hydrothermal carbon for the �rst time, to at-

tempt to capture the complexity and scale of these materials and to guide future technological

development.
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1.5 Scope of this Thesis

There is an urgent need for sustainable technologies to reduce the emission of GHGs and limit

the impact of climate change. The biore�nery of chemicals, fuels and materials from waste

biomass appears to be one key pathway to the production of materials currently available only

from fossil resources. These biore�neries will likely produce carbohydrates or lignin-based

materials that are not currently suitable for re�nement into chemicals, but are a valuable re-

source for producing sustainable carbon. Many other industries produce a signi�cant amount

of waste biomass (e.g. agricultural waste, municipal waste, organic food waste, sewage sludge

and paper pulps) which is currently left to decompose, releasing large quantities of GHGs. Car-

bonisation technologies may therefore present a resource-recovery option for current biomass

wastes and future biore�nery byproducts. Produced sustainable carbons may be utilised as

lower-impact combustion fuels, as soil amendments or as a route to high-technology products.

However, the carbonisation processes underpinning the production of sustainable carbon ma-

terials require a more detailed level of understanding than is currently available. Much of the

carbon chemistry underpinning the production of these carbons is not yet fully understood.

This thesis applies recent advances in synchrotron radiation science to perform multiscale in-

vestigations on sustainable carbons produced by pyrolysis and HTC (Figure 1.8).

FIGURE 1.8: A multi-scale X-ray approach for investigating both the structure and function of
sustainable carbon



Chapter 1. Introduction 18

In chapter 2, a brief outline of the techniques used throughout this thesis is given. This includes

an introduction to theory of synchrotron radiation, X-ray absorption spectroscopy, scanning

transmission X-ray spectroscopy, X-ray Raman scattering spectroscopy and X-ray microtomog-

raphy. Chapter 2 also discusses the application of several other techniques used throughout

this thesis such as electron microscopy, ion-beam milling and other laboratory techniques.

The main results of this work are presented in chapters 3, 4 and 5. Each chapter is composed

of a brief summary of relevant literature, a summary of experimental methods used and the

results themselves. The main aims of this thesis were as follows:

• To prove or disprove the presence of a core-shell type structure in carbohydrate-derived

hydrothermal carbon and investigate implications for the accepted mechanism of HTC

(Chapter 3).

• To assess the bulk local structure of hydrothermal carbon as a polymeric-like furan struc-

ture using X-ray Raman scattering spectroscopy (Chapter 4).

• To develop X-ray Raman scattering spectroscopy as a tool for investigating the local

structure of both pyrolysis and hydrothermal carbons, making relevant comparisons

with surface-based NEXAFS spectroscopy (Chapter 4).

• To study the uptake of Au III
(aq) reduction onto pyrolysis carbon, providing mechanistic

insight into the function of carbon sorbents (Chapter 5).

It is hoped that the results presented in this thesis will guide future work in the production of

sustainable carbon materials with tuneable properties for future applications. In addition, the

results presented here should guide future X-ray based approaches for studying the complex

structure and function of chars.
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Analytical Methodology

This chapter sets out the materials and techniques utilised within this project. A brief introduc-

tory theory of the key electron and X-ray techniques are presented here. General methodolo-

gies for techniques used in this project are also shown. However, where relevant and required,

further details on methods and instrumentation are also discussed in a short methodology

section at the beginning of each results chapter. Finally, X-ray and electron techniques are

abbreviated throughout this thesis, a full list of abbreviations are provided for the reader.

2.1 Materials

Well characterised starting materials were used for the production of both pyrolysis carbon

and hydrothermal carbon. This was done in order to have a priori knowledge of the material

chemistry and the carbons produced after processing.

2.1.1 Carbohydrates

Standard carbohydrates were used as precursors for producing hydrothermal carbon. Car-

bohydrate derived hydrothermal carbon was used to study HTC formation and growth in

Chapter 3. D-(+)-glucose (GLC), D-(+)-sucrose (SUC), D-(-)-Fructose (FRC) and D-(+)-xylose

(XYL) were purchased from Sigma Aldrich with a purity of � 99.5% and used as received.

2.1.2 Biomass

An important category of waste feedstocks for any potential medium to large scale production

of both hydrothermal carbon and pyrolysis carbon is lignocellulosic biomass. In this project,
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